Self-assembly is the autonomous organization of components into patterns or structures: an essential ingredient of biology and a desired route to complex organization 1 . At equilibrium, the structure is encoded through specific interactions 2-8 , at an unfavorable entropic cost for the system. An alternative approach, widely used by Nature, uses energy input to bypass the entropy bottleneck and develop features otherwise impossible at equilibrium 9 . Dissipative building blocks that inject energy locally were made available by recent advance in colloidal 
velocity, V ∝ ∇c ∝ ∇ν(I), predicted from the experimental intensity profile ( Fig.2A) . The migration is slow, V ∼ 2 µm/s, as the gradient on the particle scale is moderate. We take advantage of this feature to devise phototactic swimmers, with a fore-aft asymmetry and consisting of the extrusion of the hematite cube from a chemically inert polymer bead 24 (SI). They exhibit a persistent random walk in uniform light, the bead heading, with a velocity up to 30 µm/s, controlled by the intensity. In a light gradient, they direct towards the high intensity following the reorientation by the hematite component. We use a custom optical setup combining light sources to deliver spatio-temporal patterns with a few microns and 0.01s accuracy and guide the self-assembly (SI).
A dilute suspension of the swimmers is fed to a capillary, residing near the bottom surface at surface density Φ s ∼ 10 −3 part/µm 2 . They travel isotropically in uniform light but gather and collide as we superimpose the bright spot of a focused laser (λ = 404 nm), assembling into a self-spinning microgear. The structure is composed of a core vertical swimmer surrounded by 6 peripheral close-packed particles (Fig.1B) . The rotor remains stable in uniform light after extinction of the laser spot and its lifetime is set by the duration of the experiment (∼ 10 − 20 mins). We repeat the light sequence to form multiple rotors with high yield and control. The rotor constitutes a "ground state" as added particles spontaneously detach (movie S4). The handedness is random and we measure 49.85% clockwise and 50.15% counter-clockwise from 1017 rotors.
As hematite is partially absorbing at the wavelength of activation, it sets a gradient of light and reaction rate along the illumination axis. The effect is negligible in most situations but becomes significant as a swimmer crosses the brightest region of a laser spot: for a laser shined from below, the hematite is phoretically lifted, and the swimmer flips vertically. It swims downwards against the bottom wall, producing a hydrodynamic pumping 27, 28 that attracts neighboring swimmers and drives the assembly into the self-spinning structure (Fig.1D ). In our experimental conditions, we do not observe decomposition of the hydrogen peroxide nor optical forces from the light. Shining the laser from the top does not allow the vertical flipping of a swimmer and inhibits the formation of the rotors. Transient rotors can be formed focusing the laser on a sphere deposited on the substrate, however with limited yield and lifetime, which stresses the importance of the hydrodynamic pumping for the cohesion of the structure. The angular speed ω is tuned by the light intensity (Fig.2B) , reflecting the translational velocity of the individual swimmers (Fig. 2B ) and shows less than 10% variability amongst a population. At low speeds, ω < 3 rad/s, fluctuations can flip the direction of rotation, though the magnitude of the rotation rate is unchanged (Fig.2B-inset) . At higher speeds, unidirectional motion persists over the time of the experiment: the non-equilibrium forces stabilize the structure (Fig.2B-inset) . In uniform light, the center of mass of the rotors displays a two-dimensional random walk with a diffusion coefficient D R = 0.4 ± 0.1 µm 2 /s, larger than a passive particle of comparable size. The rotors show slow migration in light gradients, which we harness to build superstructures.
We probe the influence of a rotor on its surrounding using fluorescent tracers (latex, 200 nm, diffusivity D c ), which concentration ρ(r) is extracted by fluorescence microscopy and azimuthal average ( Fig.2C-inset ). We observe a radial repulsion from the rotor, constituting a sink of hydrogen peroxide, with c ∝ 1/r. The tracers migrate in the concentration gradient by diffusiophoresis, with velocity V DP ∝ ∇c = α/r 2 , (α > 0 for a repulsive interaction). At steady state, the flux of
Dcr , in an effective repulsive potential, in agreement with the experiment for α = 48 ± 10 µm 3 /s (Fig.2C) .
We now discuss the interactions between pairs of rotors. Rotors radially repel each other as previously observed for latex particles. The radial repulsion is isotropic and insensitive to the absolute or relative handedness of the rotors. Using isotropic light patterns with a flat central region, we control the confinement of the rotors and observe the existence of short-range tangential interaction for r ∼ 2.0R − 3.0R, where r is the center-to-center distance of rotors of radii R ∼ 3 µm. and phase-lock at π/6 as visible from the peak in the Probability Density Function (PDF) of the phase lag Ψ = |θ 1 | − |θ 2 | (Fig.3B ). The PDF broadens as the rotors are further apart and becomes asymmetric for pairs with different angular speeds ( Fig.3B-inset ). This behavior is reminiscent of mechanical cogwheels, in the absence of any contact between the rotors. We rule out hydrodynamics as the main contribution to the tangential interaction, as a torque-free rotor generates a slip-flow opposite to its spin, which makes a co-rotating pair revolve in that direction, in contrast with the experiment.
In order to gain insight into the diffusiophoretic coupling, we study the concentration field surrounding a rotor and simulate the diffusion equation for a structure of 7 impermeable and passive spheres, decorated by 6 chemically active sites (see SI for details). It constitutes a sink of fuel, which near-field concentration field presents the 6-fold symmetry of the rotor (Fig.3C ).
We compute, from the simulated concentration field, the radial, respectively azimuthal, phoretic velocities for a point particleṽ r,θ ∝ ∇ r,θ c(r, θ) and obtain 1/r 2 decay, respectively 1/r 8 , with (Fig.3D) . The short-range of the tangential interaction originates from the rapid decay of the azimuthal component. It arises from the superimposition of the monopolar concentration field generated by each active site and reflects the azimuthal dependence of the concentration surrounding a sphere with hexapolar chemical activity: c(r, θ) ∝ P 6 (cos θ)/r 7 , where P 6 is the Legendre polynomial of 6 th degree 30 . The result is qualitatively unchanged for a bead of finite size (Fig. 3D) , which velocity is obtained by integration of the slip on the surface 12 , or by addition of an impermeable wall delineating a semi-infinite space (see SI).
As a result of the fast diffusion of the fuel, D H 2 O 2 ∼ 10 3 µm 2 /s, the Péclet number of the rotation is low, Pe = R 2 ω/D H 2 O 2 ∼ 0.01, and the concentration field is steady in the rotating frame of the rotor. Neighboring rotors interact through the modulation of the concentration field computed above, mirroring the effective energy landscape U (r, θ) ∝ c(r, θ) 20 . The tangential interaction is short-range and we assume that the azimuthal coupling is set at distance r − R, separating the edge of a rotor to the center to its neighbor. The phases θ i (i=1,2) of the rotors in a pair, at fixed distance r, are described by coupled Langevin equations
, where i, j identifies the rotor, ω i their angular speed, εQ is the phoretic coupling between the rotors and ζ(t) a delta-correlated noise of amplitude D θ . We independently estimate the amplitude of the phoretic coupling from the radial repulsion,
Guided by the numerical results, we approximate the coupling term, Q = sin(6Ψ), with the phase-lag Ψ = |θ 1 | − |θ 2 |. We finally obtain by summation:
where δω is the relative speed of the rotors (see SI for details). This is a classical Adler equation of synchronization with noise, also seen as the dynamics of an overdamped Brownian particle in a tilted Washboard potential, V(Ψ) = δωΨ + (ε/3) cos(6Ψ) 31, 32 . In the absence of noise, the phase is trapped in a potential well at high coupling, 3δω/ε < 1, and slides down the corrugated energy landscape at low coupling 33 . This qualitatively describes the phase-locking observed for contrarotating rotors, for which δω ∼ 0, and the slow revolution at Ω of co-rotating pairs, for which δω ∼ 2ω. In the presence of noise, the PDF for Ψ follows a Fokker-Planck equation, which stationary solution is: It qualitatively agrees with the experiment and rotors revolve in the direction of their spin, with
∼ 0.005 rad/s.
Following our understanding of the pair interaction, we architect machineries, whose collective dynamics arise from the spin sequence of their components. First, we control the travel speed Ω of the edge-current in hexagonal patterns of 7 co-rotating gears (Fig.1C, 4A ), increasing the azimuthal coupling ε through confinement (Fig. 4A-inset) . Next, we form higher-order assemblies by combination of superstructures: we initiate two contra-rotating sets of 3 co-rotating rotors, each collectively rotating along their common direction of spin (Fig.4B) . They are subsequently combined to constitute the synchronized gears of a micromachine (movie S7, Fig.4C ), stressing the robustness and versatility of our findings.
In summary, we demonstrate a novel type of self-assembly that uses dissipative building blocks to achieve functioning micromachines. We engineer active particles that auto-organize into self-spinning microgears with anisotropic interactions. They result into the dynamical synchro- 
